We report the fabrication and characterization of thin film power generators composed 400 p-and n-type ErAs:InGaAs/InGaAlAs superlattice thermoelectric elements. The thermoelectric elements incorporate erbium arsenide metallic nanoparticles into the semiconductor superlattice structure to provide charge carriers and create scattering centers for phonons. 10 µm p-and n-type InGaAs/InGaAlAs superlattices with embedded ErAs nano-particles were grown on InP substrates using molecular beam epitaxy. Thermal conductivity values were measured using the 3ω method and cross-plane Seebeck coefficients were determined using Seebeck device test patterns. 400 element ErAs:InGaAs/InGaAlAs thin film power generators were fabricated from superlattice elements 10 µm thick and 200 µm × 200 µm in area. The output power was 4.7 milliwatts for an external electrical load resistor of 150 Ω at about 80 K temperature difference drop across the generator. We discuss the limitations to the generator's performance and provide suggestions for further improvement.
INTRODUCTION
The performance of thermoelectric generators is largely dependent on the material figure-of-merit Z = κ σ α 2 , where α is the material Seebeck coefficient, σ is the electrical conductivity and κ is the thermal conductivity. A large figure-of-merit ZT is necessary for high power densities and high efficiency. A number of approaches have been pursuing to improve the performance of solid state power generators [1] [2] [3] [4] [5] . A lot of research has been done to improve various material thermoelectric properties beyond bulk materials or alloys using superlattice structures [6] [7] [8] [9] [10] [11] [12] . Heterostructures can enhance the thermoelectric device performance by the selective emission of hot carriers above the potential barrier through thermionic emission [13] . Low dimensional structures could overcome the efficiency barriers imposed by the physical limit of conventional bulk materials [14] [15] [16] [17] . Superlattice interfaces provide phonon scattering centers to reduce the cross-plane thermal conductivity [18] . To achieve high thermoelectric conversion efficiency [19] we suggested using non-planar barriers and embedded quantum dot structures. The incorporation of erbium arsenide metallic nanoparticles into the InGaAs/InGaAlAs superlattice can provide both charge carriers and create scattering centers for phonons. In this paper, we report on the fabrication and characterization of 400 element thin film array power generators using these ErAs:InGaAs/InGaAlAs superlattices.
MATERIAL GROWTH AND CHARACTERIZATION
ErAs:InGaAs/InGaAlAs superlattice samples were grown on (100) InP substrates using a Varian Gen II molecular beam epitaxy (MBE) system [20] . Erbium particles are randomly distributed through the InGaAs layers, which provide 2×10 18 cm -3 doping. Silicon co-doping was used for the n-ErAs:InGaAs/InGaAlAs sample; the pErAs:InGaAs/InGaAlAs sample was co-doped with Be.
The in-plane Seebeck coefficient was measured for both n-ErAs:InGaAs/InGaAlAs and p-ErAs:InGaAs/InGaAlAs using samples grown on a semi-insulating InP substrate. The measurements were done by using two thermoelectric coolers to build up a temperature difference across the test sample plates about 5 mm × 15 mm. By measuring the output voltage at different temperature differences across the sample, the in-plane Seebeck coefficients were obtained by a linear curve fitting of the voltage versus temperature difference data. The in-plane Seebeck coefficients of both n and p ErAs:InGaAs/InGaAlAs superlattices are shown in figure 1 .
The cross-plane and in-plane Seebeck coefficients of a superlattice are usually different due to the electron filtering effects of superlattice structure. To determine the cross plane Seebeck coefficient, four n-ErAs:InGaAs/InGaAlAs superlattice samples with the same structures but different dopings were grown on conductive InP substrates using MBE. The effective doping for the four samples is 2×10 18 , 4×10 18 , 6×10 18 
1×10
19 cm -3 respectively. The cross-plane Seebeck coefficients for the four samples were measured for 509, 422, 341 and 290 µV/K respectively at room temperature using device test patterns [21] . Figure 2 shows the cross-plane Seebeck coefficients for an nErAs:InGaAs/InGaAlAs superlattice versus doping concentration. The thermal conductivity is a key factor for achieving a high generator performance. Reducing the thermal conductivity results in a greater temperature difference across the thermoelectric elements and provides more output power with higher efficiency. The cross-plane thermal conductivity of ErAs:InGaAs/InGaAlAs superlattices were measured using the 3ω method [22] , and the results are shown in figure 3 . The thermal conductivity values are less than 3.68 Wm -1 K -1 when working temperatures are 300 K and above. Decreasing thermal conductivity with increasing temperature indicates Umklapp scattering is dominant in the measurement temperature range. The interface phonon scattering produced by the superlattice heterostructure interface and ErAs nanoparticles played an important role in the thermal conductivity reduction from the value ~ 5.5 Wm -1 K -1 of InGaAs alloy.
DEVICE FABRICATION AND MEASUREMENTS
The processing of ErAs:InGaAs/InGaAlAs superlattice element array is compatible with integrated circuit fabrication process. Mesas 13 µm high and 200 µm × 200 µm in area were formed by dry etching the InP substrate, and contact and bonding metal layers were deposited on top of these elements using electron beam evaporation. Low contact resistance at the metal/semiconductor interface is a key factor to the thin film generator performance. Ni/Ge metallization was used to make ohmic contact to the superlattice elements. Specific contact resistivity on the order of 10 
DISCUSSIONS
The output power can be expressed as
, where ΔT e is the temperature drop across the superlattice thin film elements, α is the Seebeck coefficient, R L is the external electrical load resistance, and r is the internal resistance of the module. Thermal simulations show that almost half of the temperature drop was across the two AlN plates each 140 µm thick, which presents a limitation to the generator's performance. To some extent this can be solved either by using thinner AlN plates or by using a higher thermal conductivity material, such as diamond, for the package plates while and increasing the superlattice thickness. The internal parasitic resistance loss, which includes resistance of internal metal connections and the contact resistance, is also a limitation. Because the thin film superlattice elements are only a few microns thick, the contact resistance and/or internal connection metal layers may become a dominant factor. Keeping the contact resistance low and further reducing the resistance of the internal connections are necessary. Fundamentally, the generator performance is determined by the thermoelectric ZT of the element material. A superlattice structure provides more opportunities to engineer electrical and thermal properties. Our measurements on the thermal conductivity, and cross-plane Seebeck coefficient of ErAs:InGaAs/InGaAlAs superlattice samples show that the incorporation of erbium arsenide metallic nanoparticles into the semiconductor superlattice structure provides an attractive way for the enhancement of the material thermoelectric properties. With the improvement of material properties, and the optimization of the generator structure and packaging design, a superlattice thin film generator with an output power density of over 1 W/cm 2 should be possible when working with heat sources of about 700K.
CONCLUSSIONS
In summary, 400 element ErAs:InGaAs/InGaAlAs superlattice thin film array generators were fabricated. An output power of over 4.7 mW was measured on an external load resistor of 150 Ω when the temperature drop across the whole device package was 80K. Each superlattice element is 10 µm thick and 200 µm × 200 µm in area size. The superlattices were grown using molecular beam epitaxy, and characterized by measuring the cross plane thermal conductivity and Seebeck coefficients. With the optimization of superlattice property, generator and packaging design, an output power over 1 W/cm 2 should be achievable.
